We have developed two case studies demonstrating the use of high-resolution seismic tomography and reflection imaging in the field of paleoseismology. The first study, of the Washington fault in southern Utah, USA, evaluated the subsurface deposits in the hanging wall of the normal fault. The second study, of the Mercur fault in the eastern Great Basin of Utah, USA, helped to establish borehole locations for sampling subsurface colluvial deposits buried deeper than those previously trenched along the fault zone. We evaluated the seismic data interpretations by comparison with data obtained by trenching and logging deposits across the Washington fault, and by drill-core sampling and video logging of boreholes penetrating imaged deposits along the Mercur fault. The seismic tomograms provided critical information on colluvial wedges and faults but lacked sufficient detail to resolve individual paleoearthquakes.
Introduction
Time-space patterns of earthquake recurrence and magnitude reflect the pulse of the earthquake engine and are the primary parameters required for seismic hazard analysis of faulting (McCalpin, 2009 ). The pulse period indicates the recurrence interval of large earthquakes, and the pulse strength is the earthquake's magnitude. Knowing these two parameters is important for establishing earthquake risk in an inhabited region.
Geologic mapping and regional geophysical surveys provide information on the locations and lengths of faults, but establishing the earthquake history requires excavating and logging unconsolidated deposits that are several hundred thousand years or fewer in age. High-resolution seismic surveys are useful in site characterization, especially prior to excavation. However, the results are commonly limited by resolution and complex stratigraphy adjacent to the faults, where vertically stacked colluvial wedges contain crucial information concerning the number and magnitudes of earthquake events represented in the subsurface deposits (e.g., Stephenson et al., 1993; Morey and Schuster, 1999; McCalpin, 2009 ).
We present two case studies of normal faulting, in which seismic methods image faulted deposits prior to excavation. In both cases, the subsurface deposits were subsequently logged, and the results compared with the seismic interpretations. This "postmortem" critique of seismic imaging provides a practicum concerning the acquisition and interpretation of seismic tomograms for paleoseismic analysis.
Seismic imaging in paleoseismology
Paleoseismologists investigate the geometry and age of faulted deposits to determine the magnitude and timing of prehistoric earthquakes (McCalpin, 2009 ). Normal faulting creates a steep free face along the fault trace, which collapses and then weathers back, developing a nonstratified to poorly stratified wedge-shaped deposit at the base of the scarp (Wallace, 1977) . The colluvial wedge starts to form shortly after a surfacerupturing earthquake, and the contact of the wedge with the underlying soil forms an earthquake "event" horizon. Although simple to envision in concept, the internal structure and composition of colluvial wedges are often complex, and several colluvial wedges may coalesce to form a low-velocity body formed by more than one earthquake (Nelson, 1992; Mattson, 2004) .
Colluvial wedges are often characterized by 10%-20% slower velocities than the surrounding stratified deposits, making them attractive targets for seismic velocity tomography (Morey and Schuster, 1999; Sheley et al., 2003; Mattson, 2004; Buddensiek et al., 2008) . On the other hand, high-resolution seismic reflection techniques are better suited for imaging details of well-stratified deposits that lie adjacent to the colluvial wedges (Morey and Schuster, 1999) .
Traveltime tomography estimates the subsurface velocity distribution from first-arrival traveltimes of seismic waves (e.g., Nolet, 1987; Lutter et al., 1990; Aldridge and Oldenburg, 1993; Ammon and Vidale, 1993; Nemeth et al., 1997) . Tomography algorithms contain several processing steps: An initial velocity model is estimated from the distance-time slope of the first arrivals in the seismograms, and the traveltimes are then iteratively computed from the starting model by either a raytracing method or a finite-difference solution to the eikonal equation (Gilbert, 1972; Qin et al., 1992) . A significant advantage of the traveltime tomogram is where faults juxtapose deposits of different velocities. Seismic reflection methods, on the other hand, map acousticimpedance contrasts across layer boundaries. Seismic reflection surveying has been used in several paleoseismology applications (e.g., Stephenson et al., 1993; McCalpin, 2009) , although velocity tomograms may be obtained from the same set of seismic data and are better suited for imaging colluvial-wedge deposits (e.g., Morey and Schuster, 1999) .
Numerical results for synthetic tests
Typically, a series of synthetic tests is used to assess the tomogram accuracy for any specific configuration of sources and receivers. Toward this goal, synthetic tests were carried out for 2D and 3D traveltime tomography of synthetic traveltime data with source-receiver geometries similar to that of the field experiments. The results suggest that the faults and the low-velocity zones (LVZs) can be clearly imaged by seismic methods, and 3D tomograms are more accurate and have fewer artifacts than 2D tomograms in delineating fault structures.
Synthetic example 1: Faulted layers
Traveltime tomography of synthetic data
To understand the sensitivity of the tomography method in delineating fault structures, 2D and 3D synthetic tests are carried out. The input is a 3D fault model, with the same dimension as the area investigated by the 3D Washington fault experiment (first field example). This velocity model is similar to the tomogram inverted from the 3D Washington fault data. That is, the velocity at the ground surface is defined to be 500 m∕s and the vertical velocity gradient is assigned as 110 m∕s∕m, and the depth of the bedrock is approximately 15 m below the surface with the velocity 2400 m∕s. There is no variation of velocity in the y-direction. An x-z velocity slice of the fault model is shown in Figure 1a . The source and receiver geometry for the synthetic test are identical to that of the 3D Washington fault experiment (first field example). Approximately 115,200 first-arrival traveltimes are generated by solving the 3D eikonal equation with a finite-difference method (Qin et al., 1992) , and the traveltimes taken from the first source line and receiver line (y = 0 m) are used for 2D traveltime inversion. Table 1 summarizes the model and acquisition parameters for the synthetic tests. The first-arrival traveltimes are inverted to obtain the P-wave velocity distribution, where the initial velocity model is a horizontal-layered model with velocity gradually increased from 500 at shallow depths to 2400 m/s at depth. The reconstructed velocity model is initially smoothed with a 10 × 5 × 5 m ðx; y; zÞ smoothing filter, and to avoid being trapped in local minima, the smoothing filter is gradually reduced to a volume of 2 × 1 × 1 m ðx; y; zÞ (Nemeth et al., 1997) .
A comparison between the 2D and 3D tomograms is shown in Figure 1b and 1c. Both tomograms are along the first receiver line (y = 0 m), and the images obtained from 2D and 3D tomography are comparable at low wavenumbers. The fault surfaces in the model are characterized by a smooth downdrop of the velocity contours in both of the tomograms. This is not surprising because previous studies (Buddensiek et al., 2008) empirically showed that the tomogram is a smoothed version of the actual velocity, where faults are characterized by a smooth downdrop in tomographic velocities. Another observation is that the 3D tomogram seems to have fewer artifacts than the 2D tomogram. This is not surprising because rays associated with the 3D survey are characterized by a greater diversity of ray angles, which leads to better model resolution. In addition, the ratio of unknowns to traveltime equations is smaller for the 3D tomogram and suggests a more stable and overdetermined solution. In the 2D and 3D examples, useful results were achieved in less than 20 iterations and the root-mean-square (rms) traveltime residual was less than 0.3 ms. Figure 1d depicts the 2D raypath density image, which displays the number of rays visiting each cell of the tomogram. For the normal fault (F1, F2, and F3), the rays focus near the fault plane, which results in fewer raypaths visiting the hanging wall side, and the LVZ (48 m < x < 75 m) has lower raypath coverage than other regions.
Reflection migration of synthetic data
To locate the fault positions, reflection processing is carried out (Baker, 1999) . The velocity model is the same as the 2D model in Figure 1 , and Figure 2a shows the reflectivity image computed from the velocity model. To make the processing simple, the sources and receivers are distributed evenly at 1 m spacing for a total line length of 117 m. A second order in time and fourth order in space finite-difference solution to the acoustic-wave equation is used to generate the zero-offset seismograms, and the acquisition parameters are the same as in the tomography tests except the source and receiver intervals are changed to 1 m. Figure 2b shows the stacked seismic section in time. Figure 2c and 2d shows the prestack migration images using the true velocity model and the tomogram model from Figure 1b , respectively. Although there are some artifacts in the migration image using the tomographic velocity, where the layers at approximately x < 15 m are tilted and the layers at approximately x > 90 m undulate, the fault locations are identified with the correct dip angles.
Synthetic example 2: Colluvial wedges
In this synthetic model, we use a simple two-wedge velocity model stacked one beneath the other. Here, we use the preliminary interpretation of the MER1 tomogram from the second field example to provide the geometry, velocity range, and velocity distribution for the synthetic velocity model (Figure 3a) . The background velocity range is 300-1300 m∕s with a gradient of 4.0 m∕s∕m. The velocity range for each of the LVZs is 250-350 m∕s, shallow zone, and 375-475 m∕s, deeper zone, with a gradient of 1.7 m∕s∕m (Mattson, 2004) . A 2D finite-difference solution of the acoustic wave equation is used to generate seismic traces, the source wavelet has a 130-Hz peak frequency. We picked the first-arrival traveltime of each trace. The solution is regularized by a large smoothing filter, so that the effective number of unknowns is three to five times fewer than the number of equations (Morey and Schuster, 1999) .
The inverted traveltime tomogram and the raypath density for the synthetic model are shown in Figure 3b and 3c, respectively. A crosshatched overlay on the tomogram and raypath density plot indicates the locations of the input LVZs. The velocity tomogram (Figure 3b) has background velocities ranging from 300 to 1150 m∕s, an upper wedge-shaped LVZ with velocities ranging from 250 to 400 m∕s, and a lower oblong velocity sag with velocities ranging from 550 to 650 m∕s. The input velocities differ from the inverted velocities by <15% greater for the upper LVZ, 40% greater for the lower LVZ, and AE10% for the background alluvium.
The background velocity combined with the wavelet frequency suggests that the tomogram should be able to resolve colluvial wedges thicker than 2.7 m (130 Hz and 350 m∕s) near the surface and packages thicker than 4.6 m at the depth of the deeper LVZ (130 Hz and 600 m∕s). Each LVZ in the synthetic model (Figure 3a) is 5.0 m thick, and therefore it can be resolved at shallow to intermediate depths. Along the Mercur fault, individual colluvial wedges are 0.5-1.5 m thick. Although these individual wedges are less than the resolution limits of the seismic tomogram, colluvial packages composed of several wedges are generally 35 m thick, and therefore they are approximately equal to the resolution limits of high-resolution seismic tomography. Seismic shot data are generated using a 2-2 finite-difference solution of the acoustic wave equation, (b) the velocity tomogram is overlain with a sketch of the colluvial wedges' input into the synthetic model, and (c) seismic raypath density indicates the distribution of the seismic energy, the maximum depth of energy penetration, and the location of the deeper LVZ. Numerical results for field tests Field example 1: Washington fault study
Statement of problem
Recent population growth and development in the Saint George Basin of Utah have motivated efforts to evaluate seismic hazards. The Washington fault strikes north to northeast from the Shivwits Plateau in Arizona into the Saint George Basin of southwestern Utah. The normal fault is 43 km long, has a net slip of several hundred meters, and has been active in the Quaternary (Figure 4 ). The paucity of information concerning the paleoseismic history motivated a cooperative effort by the Utah and Arizona Geological Surveys to trench the fault in the spring of 2009. Potential sites for trenching are limited because of restrictions on access and only a thin veneer of Quaternary deposits overly bedrock. Prior to trenching, seismic experiments were conducted. A reconnaissance 2D seismic line acquired in the spring of 2008 was followed by a 3D survey in October 2008. As work progressed, geologists provided insight into seismic data interpretation and made suggestions for data collection and analysis. The subsequent 3D seismic survey mapped the lateral continuity of these deposits, along and perpendicular to the fault. The P-wave geophones (40 Hz) were arranged in six parallel lines oriented normal to fault strike and spaced 1 m apart near the fault scarp and 2 m apart along the distal parts of the lines (Figure 5a ). Each line has 80 receivers, and the crossline spacing was 1.5 m. The 3D survey used the same seismic source as the 2D survey.
Data processing
We used the picking tool in ProMax software to pick the first-arrival traveltimes of 2D and 3D Washington fault raw data, resulting in approximately 4608 and 115,200 first-arrival traveltimes picks, respectively. A shot gather from the 2D data with the picked firstarrival traveltimes is shown in Figure 5b . The traveltime picks require quality control to ensure a reliable data. We applied a reciprocity test in which traveltime t ij is the first-arrival traveltime pick for a source at the ith position and a receiver at the jth position and t ji represents the reciprocal traveltime pick of t ij . If the reciprocity condition t ij ¼ t ji is not satisfied to within a tolerance of 3 ms (one-fourth of the data dominant period), the traveltime pairs are rejected. We rejected 514 (11%) and 29,750 (25%) traveltime picks in the 2D and 3D data sets, respectively. The remaining traveltimes were inverted to estimate the velocity structure using the preconditioned and regularized steepestdescent algorithm (Nemeth et al., 1997) . The topography values are considered in the inversion process, where the source and receiver ðx; y; zÞ coordinates in the 3D case, and ðx; zÞ coordinates in the 2D case, are given as input to the inversion code. The 3D data set was impacted by an unpredictable time delay of 0-5 ms between the source initiation time and the onset of the data recording. This issue was identified by nonzero amplitudes at the zero time for the zero-offset trace. To correct this acquisition hardware error, the Figure 5 . (a) Survey geometry for the 2D (red line) and 3D experiment (blue dots and red circles). In the 3D survey, the open circles denote the locations of sources, the solid dots denote the locations of receivers, the crossline spacing is 1.5 m, the inline spacing of the coarsely spaced receivers (away from the fault scarp) is 2 m, and the inline spacing of the closely spaced receivers (near the fault scarp) is 1 m. The sources are activated at every other receiver. Here, the dashed black line denotes the location of the fault scarp and (b) a common shot gather from the 2D Washington fault data set. First-arrival traveltime picks are denoted by red stars.
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Tomographic results
A 2D survey line that is perpendicular to the main fault is collected at the Washington fault site. The first-arrival traveltimes are picked from 4608 traces, and 514 traveltime picks were rejected because they did not satisfy the reciprocity condition within a tolerance of 3 ms. The remaining traveltimes are inverted to estimate the P-wave velocity distribution. Figure 6a presents the tomogram as contours of seismic velocity in depth along the profile, and Figure 6b displays the raypath density through each cell in the tomogram. Based on the synthetic tests, two criteria are used to identify a fault in the tomogram (Mattson, 2004) : (1) focusing of rays in the raypath density image. The fault is not exactly located at the greatest raypath density area, but it is located at the low-density side near the plain. (2) A sharp change in the velocity gradient. Interpreting the tomogram, raypath density distribution, and migration image together leads to the postulated existence of the three possible faults labeled F1, F2, and F3. There are three LVZs named a 1 , b 1 , and c 1 . Two LVZs, a 1 and c 1 , are located between the two faults F1 and F2. The LVZ a 1 is located between offsets 16 and 37 m and depths between 5 and 11 m, whereas LVZ c 1 is located between offsets 20 and 37 m and depths between 17 and 24 m. The third LVZ b 1 is located between offsets 49 and 60 m and depths between 14 and 20 m. In the raypath density, the LVZs are shown as zones of low raypath density. The final rms traveltime residual is approximately 2.4 ms after 30 iterations, which is slightly smaller than the estimated picking error of 3 ms.
The pretrench interpretation of the 2D tomogram showed a possible colluvial wedge (c 1 ) below the main wedge (a 1 ). In fact, subtle features in the 2D tomogram and migration image were overinterpreted and subsequently proven invalid upon acquisition of the trench log.
The first-arrival traveltimes are picked from 115,200 traces in the original data set, and 29,750 traveltime picks are rejected because they failed the reciprocity test or were deemed unpickable. The 3D velocity tomogram is inverted from these picks and is shown in Figure 6c . For comparison, the trench log is shown in Figure 6d . The low-velocity colluvial wedge in the trench log correlates in shape and size with the one in the 3D tomogram. However, sharp lateral changes in the velocity associated with faults are not present in the tomogram, which are to be expected in the tomographic image. However, the sharp changes associated with faults are expected to be revealed in the migration image.
Four x-z slices spaced every 2 m along the y-direction are shown in Figure 7 . These tomograms clearly delineate one large LVZ located between offsets 20 and 35 m and depths between 4 and 11 m, which is parallel to the fault scarp. The main fault (see Figure 7) , interpreted from the migration image and the raypath density image, is located at the offset of 25 m, and this suggests that the LVZ is possibly the colluvial wedge generated by surface rupture events on the Washington fault. The final rms traveltime residual after 30 iterations is approximately 3.2 ms, which is almost the same as the estimated picking error of 3 ms.
Comparing the 2D tomogram with the 3D tomogram, both have similar structures at low wavenumbers, but the 3D tomogram has fewer artifacts than the 2D tomogram. For example, LVZ c 1 on the 2D tomogram is not shown on the 3D tomogram, which suggests that it is an artifact. LVZ b 1 shown on the 2D tomogram is shown as a variation in the depth to the bedrock in the 3D tomogram, which indicates that fault F3 shown on the 2D tomogram might also be due to an artifact. Finally, 
One 2D slice of the 3D tomogram is extracted (Figure 8a) . This velocity tomogram is used in the prestack data migration of the 2D seismic data subset extracted from the 3D data set, and the migration image is shown in Figure 8b . Unfortunately, the migration image in Figure 8b could only be used to unambiguously identify the main fault zone (Figure 8b ). Unlike the synthetic tests, the discontinuities between adjacent reflectors were insufficient to identify the other faults.
Based on synthetic modeling tests of faulted strata conducted for this and other studies (e.g., Mattson, 2004) , we apply the two criteria mentioned earlier to identify the fault on a tomogram. Protrusion of the higher velocity contours into the low-velocity hanging-wall side of the tomogram is caused in part by the lower lateral than vertical resolution in the inversion (Mattson, 2004; Buddensiek et al., 2008) . A region of low-raypath density in the fault's hanging wall indicates low-velocity material, perhaps a colluvial wedge, deposited or displaced against a former surface scarp free surface.
Pretrenching interpretation summary
A review of the seismic data prior to trenching led to the following consensus opinion among the geophysicists and geologists. Two faults and one LVZ are interpreted using the seismic tomograms and migrated seismic section. Fault F1 is the primary fault, and F2 is an antithetic fault. The two faults dip between 70°a nd 80°, and the LVZ between F1 and F2 is interpreted as a buried colluvial wedge. The thickness of the LVZ is approximately 5 m with a cumulative fault zone vertical displacement of at least 12 m. Dividing the cumulative vertical offset with the average slip rate of 0.03-0.12 mm∕yr for the past 10-25 kyr (Associates, 1982) suggests that the elapsed time represented by the imaged colluvial wedges is roughly 16 ky. The depth to bedrock along the profiles is up to 15 m, which is sufficient for trenching Quaternary deposits. The bedrock velocity is greater than 2200 m∕s.
Postmortem critique
Two trenches were excavated to explore the fault zone. The trench across the fault scarp ( Figure 6d ) exposes a more complex main fault zone (F1) and a second, small-displacement (30 cm), down-to-the-west fault in the main fault footwall approximately 5 m east of the main fault. A wide crack (more than a meter wide near the ground surface) formed along the secondary fault and extended to the present ground surface. The crack subsequently filled with coarse sand and gravel, although some open voids remained along the crack to the full depth of the trench. Two scarp-derived colluvial wedges formed on the main fault provided evidence of two surface-faulting paleoearthquakes. An east-dipping, small-displacement reverse fault approximately 2 m west of the main fault extended upward to the level of the bottom of the penultimate earthquake colluvial wedge.
The trench excavated to locate the possible antithetic fault (F2) west of the scarp was 10 m long and 2-3 m deep, but it did not expose evidence of faulting. Prior to backfilling, the trench was extended an additional 5 m to explore for evidence of faulting, but none was found.
In summary, the 2D and 3D traveltime tomograms and 2D migration images provided by the Utah Tomography and Modeling/Migration Consortium (UTAM) prior to trenching the Washington fault suggested the presence of two faults F1 and F2 at the scarp, and they confirmed the presence of a sufficient thickness of unconsolidated deposits on the main fault hanging wall to make a paleoseismic trenching study feasible. However, trenching successfully identified one of the two predicted subsidiary faults (F1) in the main fault hanging wall. The thickness of the unconsolidated deposits was a critical piece of information in deciding to trench at this site because bedrock is present in the shallow subsurface on both sides of the Washington fault, and it was not known with certainty if a trench would expose unconsolidated deposits to make identification of paleoearthquakes feasible prior to the seismic imaging. Conversely, trenching was unable to confirm the presence of the predicted antithetic fault (F2 in Figure 6a and 6c) west of the scarp, and the detail of the seismic imaging was insufficient to differentiate individual colluvial wedges related to the two surface-faulting paleoearthquakes on the main fault. This suggests the need for more accurate imaging methods such as waveform and surface wave inversion. It would have been beneficial to record and invert other types of geophysical data, such as resistivity or groundpenetrating radar.
Field example 2: Mercur fault study

Statement of problem
The Mercur fault experiment was designed to extend the history of surface-rupturing earthquakes back several hundred thousand years (Mattson, 2004) . The project provided a significant test of tomographic techniques to image multiple, vertically stacked colluvial deposits located beneath a large, normal fault scarp. The tomographic survey was used to site boreholes for the collection of core samples and video images of borehole walls. Fine-grained samples, mostly loess, were dated using optical stimulated luminescence to constrain the fault slip-rate and the temporal properties of earthquake recurrence. The 2D tomograms were created using UTAM seismic data-acquisition procedures and processing techniques similar to those described previously for the Washington fault. Details of the data acquisition, processing, and synthetic-seismogram modeling to aid interpretation are described by Mattson (2004) ; here, we focus on geologic observations that make this a useful case study for evaluating applications of seismic tomography in paleoseismology.
Quaternary geology
The Mercur normal fault zone is located along the western piedmont of the southern Oquirrh Mountains, Utah (Figure 9 ). Several faults displace Late Pleistocene to Holocene-age alluvial fans at Mercur Canyon. Trenching of the second alluvial fan surface, map unit af2 (Figure 9 ), revealed evidence for five earthquakes in the last 92 ka (Olig et al., 1999) . Remnants of an older alluvial fan surface are preserved at higher elevation on the range flank to the east (Figure 9 ; map unit af1), suggesting an episode of faulting that predated the younger af2 surface (Figure 9 ; Mattson and Bruhn, 2001 ). This observation motivated the seismic tomography and drilling project with the goal of sampling 100 ka and older colluvial-wedge deposits located deeper than those previously trenched by Olig et al. (1999) . Our hypothesis was that these older colluvial deposits would rest upon the af1 fan surface, that in outcrop has a welldeveloped calcite-rich soil layer produced by weathering in the semiarid environment of the western Great Figure 9 . Geology of the Mercur study area showing geologic units and faults (after Olig et al., 1999) . The bedrock is limestone exposed within the Oquirrh Mountains to the east, with alluvial fans developed along the western flank of the range. Quaternary alluvial fan deposits are designated af1 to af6 from oldest to youngest. The area encompassed by the inset rectangle is shown on the right with details of faults, locations of seismic lines, and boreholes, as well as the position of a previously excavated paleoseismology trench.
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Basin. Given the complex stratigraphy of vertically nested colluvial wedges exposed in the paleoseismic trench, we anticipated a problem identifying individual colluvial wedges given the limited resolution of seismic tomograms. In retrospect, we should have realized early on that buried soil horizons would be key features when correlating colluvial deposits between boreholes in the subsurface.
Tomographic results
Four high-resolution 2D seismic tomography lines were surveyed across the Mercur fault zone and alluvial fan in the eastern Great Basin of Utah (Mattson, 2004) . Three of these lines were placed across the primary fault scarp. We then select two of the three lines as sites to drill boreholes, collect core samples of subsurface deposits, and obtain subsurface video. Each seismic line consisted of 120 vertical component geophones spaced 0.5 m apart with lines designated MRTW and MER1 (Figures 9-11 ). The seismic source was a 8-kg sledgehammer struck against a metal plate, and each record consisted of five stacked hammer blows to improve the S/N. There were 160 shot points per line with 120 traces per shot point gather. Shot and receiver positions were collocated for most of the line with an additional 20 shot points located past each end of the line. Recording was done with a 120-channel Bison seismograph recorder, with frequencies ranging from approximately 10 to several hundred hertz.
The seismic tomograms constructed by inversion of the first-arrival traveltimes on seismic records used the same procedure that we use in the Washington fault example (Morey and Schuster, 1999) . Details of the synthetic tests of this study and interpretations of the original tomograms are presented by Mattson (2004) . In Mattson (2004) , a synthetic model with an LVZ represents a colluvial wedge due to a normal fault is studied, and then the two field data sets are inverted to produce the traveltime tomogram. The two tomograms contained LVZs interpreted as stacked colluvial wedges, which suggests more than one earthquake represented in each wedge-shaped low-velocity body. The (a) Velocity tomogram overlain with a sketch of the colluvial package found in the paleoseismic trench and the inferred location of the buried colluvial package that was the drilling target, (b) vertical velocity profiles A-D that are located on the tomogram and used to aid interpretation of the buried colluvial packages, and (c) seismic raypath density, indicating the location of the deeper LVZ, which is interpreted as a package of low-velocity colluvial deposits. The positions of boreholes MER1-1 and MER 1-2 are also shown.
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upper LVZ is easiest to discern on the vertical velocity profiles extracted from several locations along the tomograms, whereas the lower LVZ forms a distinctive region of low-velocity and low-seismic raypath density (Figures 10 and 11) . The fault scarp offset the af2 surface, and therefore the deposits directly beneath the upper LVZ correlates to the downfaulted af2 surface; this is a deduction that was subsequently confirmed by drilling and identification of a buried calcite-rich soil horizon located a few meters above the deeper LVZ.
The tomograms were used to site four boreholes along the two seismic lines (Figure 9 ). The locations of the boreholes were constrained by the need to level the drilling platform, restricting access to the lower slopes of the fault scarp. The deepest LVZ was estimated to extend from 5 m to roughly 9-12 m depth, placing the inferred colluvial wedge(s) within the range of a truck-mounted percussion hammer drill (Figure 12a) . Large limestone and quartzite cobbles and boulders in the alluvial deposits precluded the use of a smaller and more agile auger drill rig. Two additional boreholes were drilled approximately 30 m south of the seismic lines, where the fault scarp was crossed by a small gully (Figure 9 ). These latter holes were drilled when additional drilling time became available because of the efficiency of percussion hammer drilling in the unconsolidated deposits. Continuous coring was attempted with a 15-cm (6-in.)-diameter core barrel; roughly 70% core recovery was achieved from each drillhole. A borehole video camera attached to a tape recorder was lowered into each hole to image the deposits. The borehole images were useful for documenting the nature of the deposits when there was no core retrieval and in identifying cobble and boulder deposits when the clast size was greater than the diameter of the core barrel.
Geologic observations
Visual inspection of the cores and borehole video images identified the subsurface strata (Figures 12b, 12c , and 13). We identified buried soil horizons, layers of loess, sand and gravel, as well as matrix and clast-supported deposits containing cobbles and boulders. The paleosoil contained translocated clay with pedogenic carbonate stringers and lenses (B and BK horizons) that lie above and in some cases below a calcite-saturated "K" horizon (Figure 13a-13c) . The organic-rich A horizon is not preserved in the subsurface, and the B and BK horizons may also be stripped by erosion, leaving only the more indurated calcite cemented K horizon in contact with overlying deposits (Figure 13b and  13c) . Wind-blown loess or dust occurs as lenses sandwiched between layers of gravel and cobbles, and it is also distributed within the buried soil horizons (Figure 13d) . The cohesive soil and loess deposits are more resistant to failure and caving within the borehole than are the coarser grained deposits, which tend to slough off of the walls and enlarge the bore (Figure 12b ). Layers of rounded pebbles and sand are presumably fluvial deposits carried into place by small streams or rivulets either flowing along the base of a scarp, or deposited by sheet wash flowing down the face of a (Figure 13d) . Matrix-and clast-supported cobble and boulder deposits may be debris flows or colluvium derived from a fault scarp. It is difficult, given the limited sampling area provided by a borehole, to discriminate colluvial debris and slope wash material associated with collapse and erosion of the upper part of a scarp, from fluvial and debris flow deposits that spread out along the base of a scarp. However, clastsupported boulder and cobble deposits encountered in the boreholes together with multiple lenses of loess suggest the presence of colluvial material that accumulated near the base of a fault scarp free face following more than one earthquake. An important observation is that the centimeter-to millimeter-scale thicknesses of the various deposits are well below the resolution of the tomographic imaging.
Stratigraphic correlations between drill holes were accomplished by matching soil horizons and other deposits between cores based on composition, stratigraphic succession, and depth (Figures 14 and 15 ). When correlating beneath the level of the previously excavated paleoseismic trench, we found two prominent soil horizons (Figure 14 , red lines). The upper horizon was encountered several meters down in the four boreholes drilled along the seismic tomography lines. The deeper horizon was encountered at depths of 8-9 m in all six boreholes. This latter soil was marked by a well-developed K horizon, similar to that formed on the af1 alluvial fan surface along the mountain front, the alluvial surface that was the target of our investigation. We interpret the upper soil to be the top of the downfaulted af2 alluvial fan overlain by the colluvial deposits trenched by Olig et al. (1999) . The underlying deposits sandwiched between the two soil horizons include (1) higher velocity material within the af1 fan, and (2) lower velocity deposits from colluvial wedges and associated deposits that formed during an earlier phase of downfaulting of the older af1 surface. The top of this lower colluvial wedge sequence is marked by the dashed green line in Figure 14 , the approximate depth of the top of the LVZ on the MRTW and MER1 tomograms (Figure 14) . This early phase of faulting that offset the af1 surface was followed by deposition of the younger af2 fan and development of soil on the af2 fan surface. The latest phase of faulting followed, resulting in the several surface-rupturing events documented by Olig et al. (1999) in the shallow paleoseismic trench. Our interpretation of the subsurface geometry of the colluvial deposits and soils inferred from these data is illustrated in Figure 15 , where two vertically stacked colluvial wedgelike packages are sketched adjacent to the normal fault surface. The downfaulted af1 surface coincides with the lower soil horizon and the base of the deepest LVZ.
Postmortem critique
Tomographic imaging at Mercur provided evidence for buried colluvial-wedge deposits beneath those previously reached by trenching, but within an acceptable depth for drilling given the available funds. Samples collected by coring and deposits logged using borehole video images support the interpretation that the boreholes penetrated the colluvial wedge and associated deposits that formed as the result of multiple surfacerupturing earthquakes.
Combining information gleaned from the tomograms with borehole video and core logging provided sufficient information to create a simple 3D interpretation of the buried colluvial deposits between the northernand southernmost tomogram lines.
The resolution of the tomogram was insufficient to determine whether the buried deposits contained evidence of only one, or several earthquakes -the same problem that arose in the Washington fault study. However, several buried soil horizons observed in the core and the borehole video suggest that more than one earthquake is represented in the deeper colluvial-wedge deposits.
Discussion
High-resolution 3D seismic tomography collaborating closely with geologists is used in an attempt to obtain the best possible interpretations of the geophysical data. Seismic tomography has been used successfully at sites on the Wasatch fault (Sheley et al., 2003; Buddensiek et al., 2008) ; the Northern Oquirrh Mountains fault (Morey and Schuster, 1999) , the Mercur fault (Mattson, 2004) , and the Washington fault (this report). The field experiments involved 2D and 3D surveys and the production of seismic-reflection images and tomographic images. This experience provides some useful guidelines for interpreting velocity tomograms during paleoseismology investigations. The tomograms constrain lateral and vertical variability in velocity, an important advantage when searching for colluvial wedges in the subsurface. The 3D (e.g., the Washington fault study; the Norther Oquirrh Mountains fault, Morey and Schuster, 1999 ) and judiciously spaced 2D lines (the Mercur study in this report; see also Mattson, 2004) provide useful information on the lateral continuity of colluvial- Figure 14 . Borehole logs and stratigraphic correlations between boreholes. Note that the cores are not located along a transect (Figure 9 ). Four facies were predominant in the core samples: (1) windblown silt (loess), (2) sandy-gravel sheet wash, (3) sandy with cobbles (debris facies, either debris flow or colluvial wedge debris facies), and (4) soil layers marked mostly by accumulations of pedogenic (soil-forming) carbonate. The unit symbols indicate the presence of rounded or angular cobbles and the presence of loess layers (gray bands) and soils. The upper soil horizon on the downfaulted af2 surface was identified in all cores from the northern two locations but was absent from the southernmost location (MERC). The deepest soil horizon correlated between all six cores lies near the base of the lower LVZ and is interpreted as the down-faulted af1 surface exposed at the foot of the mountain range east of the Mercur fault scarp.
SY38 Interpretation / August 2015 wedge deposits. The sensitivity of the tomograms to lateral variations in velocity also aids in the identification of buried graben, where lower velocity material is faulted down between higher velocity deposits along oppositely dipping fault strands (e.g., the Washington fault study discussed herein, the Wasatch fault [Buddensiek et al., 2008] , and the Northern Oquirrh Mountains fault [Morey and Schuster, 1999] ).
However, there are significant limitations to tomographic imaging. P-wave resolution is on the order of several meters, and therefore it is insufficient for imaging the internal details of colluvial deposits, which may be complex and contain a composite record of more than one earthquake. The same seismic data set may be used to create velocity tomograms and seismic reflection images; that is, the two methods complement one another without additional field work. For example, McBride et al. (2008) create a first-arrival tomogram from their survey data on the Wasatch fault, Utah, to constrain source and receiver static corrections when creating a seismic reflection image of a site with complex topography and large lateral velocity gradients. They then support their reflection interpretation of a fault-bounded graben by inspection of the seismic tomogram.
We close by noting the significance of reporting case studies in which interpretations of the seismic data preceded the excavation of trenching and/or drilling and logging of boreholes. The Washington fault study is notable in that fault F2, which was interpreted as a well-defined antithetic fault in the Washington fault zone, was not found when the trench was excavated.
Conclusions
(1) Tomographic imaging detected the presence of Quaternary fill suitable for siting a paleoseismic trench (Washington fault) and the location of buried colluvialwedge deposits that formed a drilling target at Mercur. (2) The 3D tomographic images confirmed the continuity of low-velocity colluvial deposits along the strike of the Washington fault. This attribute could be very useful, where several trenches are to be sited across a fault scarp. (3) Tomographic images provided the best geophysical data set for identifying colluvial-wedge deposits adjacent to fault surfaces, whereas reflection data were preferred for mapping better stratified deposits extending outward from the buried wedges into the hanging wall. (4) The resolution of the tomographic images was insufficient in our case studies to identify geologic evidence for single versus multiple paleoearthquakes. Trenching of the Washington fault and drilling at Mercur revealed that the low-velocity deposits included multiple colluvial wedges and buried soil horizons, that is, a record of multiple paleoearthquakes. (5) The primary normal fault may be located on a tomographic image using a combination of a zone of high raypath density combined with an associated LVZ. The fault location is shifted downdip of the high-raypathdensity zone as determined by trenching. Care must be taken not to overinterpret the data set as shown by the lack of F2 in the Washington fault study. Figure 15 . Sketch of 3D geometry of colluvial deposits located adjacent to the Mercur fault plain. Note that the upper wedge body contains evidence of at least five faulting events in the last 92 ka according to Olig et al. (1999) . The lower wedge body predates the formation of the upper soil that formed on the af2 surface (pre-92 ka) and rests upon the older downfaulted af1 surface.
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